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ABSTRACT 
A special experimental facility for studying environ- 
ment-enhanced crack growth was developed.  This facility 
fulfills the need for a well controlled environment, ac- 
curate and reliable crack length measurements, automated 
control of the experiment, and data acquisition, process- 
ing and storage. 
Environmental control is obtained with an ion pumped 
ultrahigh vacuum chamber which is capable of maintaining a 
— 6 pressure lower than 10   Pa after bakeout.  The chamber, 
modified to accept linear motion pullrods for specimen 
loading, can be backfilled with an appropriate gaseous en- 
vironment to a pressure of up to 1 MPa.  Specimen tempera- 
ture from 230°K to 500°K can be maintained. 
An ac electrical potential system is used to monitor 
specimen crack growth with a resolution of better than 0.01 
mm at an operating current of 1 A rras, thus eliminating one 
of the troublesome aspects that plague the dc system.  A 
lock-in amplifier is used as the potential measuring de- 
vice in the ac system and provides excellent signal-to- 
noise ratio at high gain because of its narrow band opera- 
tion.  Unlike a dc system, ac potential measurements reject 
dc potential components associated with thermal emf genera- 
ted at dissimilar metal junctions.  An empirical calibra- 
tion equation, determined from fatigue experiments, allows 
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the use of the ac system as a crack length measurement 
device.  In a comparison with a dc system, no effect of 
measurement systems is observed in crack length or growth 
rate data. 
An automated loading control and data acquisition 
program was developed to perform fatigue tests on a 
digitally controlled testing machine.  The interactive 
control program maintains constant-amplitude fatigue 
loads by overdriving the hydraulic system to correct for 
load attenuation.  The specimen crack length is monitored 
by the program for use as a control parameter to initiate 
special program sequences. 
Performance of the special experimental facility has 
been verified by fatigue crack growth experiments on a 
2-l/4Cr-lMo (A542, Class 2) steel.  Good quality, repro- 
ducible fatigue crack growth data have been obtained in 
tests on 2-l/4Cr-lMo (A542) steel in hydrogen, hydrogen 
sulfide, water vapor, dehumidified argon, and vacuum at 
low pressures (below 133 kPa).  The results indicate con- 
siderable enhancement of fatigue crack growth by some of 
the environments. 
- vxix - 
I.  INTRODUCTION 
The effects of environment on the fatigue crack 
growth kinetics of pressure vessel and piping steels is 
an important consideration in the design of full-scale 
coal gasification facilities where these materials will be 
exposed to mixtures of H2, H^O, H_S, CO and C0„ at tempera- 
tures and pressures up to 1350°K and 10 MPa, respectively 
[1].  Investigations into the chemical interactions"of 
gaseous environments with the material and into the crack- 
ing response in these environments can be used to eluci- 
date the mechanisms of environment-enhanced fatigue crack 
growth.  One approach which has been used to identify the 
rate-limiting reaction controlling sustained load crack 
growth of AISI 4340 steel in water/water vapor involved 
the comparison of crack growth kinetics determined from 
fracture mechanics experiments with surface reaction ki- 
netics obtained using Auger Electron Spectroscopy [2].  A 
similar approach can be used to identify rate controlling 
steps in environment-affected fatigue crack growth of 
pressure vessel and piping steels in other gases and gas 
mixtures.  However, to successfully employ this approach, 
facilities are necessary to maintain and control a range 
of gaseous environments (particularly for gas mixtures and 
gases at low pressures) and to accurately measure fatigue 
crack growth rates in these environments.  The objective 
of this work is to develop and evaluate such a special 
experimental facility, and to develop gas purification and 
other specialized experimental procedures.  Considerations 
in selecting the various system components are given. 
Data obtained from tests of various components of the ex- 
perimental facility are presented. 
Because results of fatigue crack growth experiments 
can be very sensitive to small changes in many test vari- 
ables (such as loading levels, test temperature and gas 
purity) control of these experiments must be accurately 
maintained and measurements must be carefully taken.  A 
facility to perform fatigue crack growth studies must 
have three primary capabilities: 
1. measurement and control of the gaseous environ- 
ment (purity, temperature, pressure). 
2. accurate and reliable measurement of crack growth 
in the specimen. 
3. measurement and control of the mechanical load- 
ing of the specimen. 
In addition, automated data acquisition and control of 
fatigue tests would enable on-line data reduction, ex- 
act test repeatability, and fast response to changes in 
test variables.  Three individual components of the test- 
ing facility — ah environmental chamber, an ac electrical 
potential crack measurement system, and a digitally con- 
trolled testing machine — provide these capabilities to 
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the experimental facility. 
The environmental chamber and its associated gas puri- 
fication and monitoring equipment can provide an environ- 
ment of ultrahigh purity gas or gas mixtures in which 
fatigue studies can be carried out.  Specimen temperatures 
of 230°K to 500°K can be achieved with gas pressures from 
— 6 less than 10   Pa to about 1 MPa. 
High resolution crack length measurement is achieved 
with an ac electrical potential system.  A low working 
current, a high signal-to-noise ratio, and elimination of 
many thermal drift and thermal emf problems associated 
with dc potential systems are the three major advantages 
of the ac system.  These characteristics and the calibra- 
tion of the ac system will be described. 
The digitally controlled servo-hydraulic testing 
machine used to control fatigue loading levels has been 
programmed to perform constant load amplitude fatigue 
tests.  Two unique capabilities of the programmed test- 
ing machine are the continuous monitoring and correcting 
of load levels, and the use of the specimen crack length 
as a secondary control parameter which is monitored to 
control precracking and to prevent total specimen frac- 
ture.  The digital controller also provides on-line data 
acquisition, processing and storage during a test.  The 
testing machine configuration and the controller program 
wifll be described in the next section. 
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II.  EQUIPMENT AND TEST PROCEDURE DEVELOPMENT 
The various components of the experimental facility 
were selected from commercially available equipment when- 
ever possible.  Careful consideration of the required capa- 
bilities of that equipment and the actual performance 
available from it was made in-the selection.  The princi- 
pal contribution of this work was the development of an 
operable system, using this available equipment, which 
fills the need for the measurement and control of criti- 
cal fatigue test variables.  The capabilities necessary 
for satisfactory operation of each component are included 
with a discussion of the physical limitations of the actu- 
al equipment used in the experimental facility. 
A.  Environmental Chamber 
General Description 
The control of environmental variables is of pri- 
mary importance in fatigue testing because the crack 
growth kinetics in many materials are highly sensitive to 
small changes in these variables.  The gas composition and 
purity must be carefully controlled and monitored.  Ultra- 
high purity gas is often necessary because trace amounts 
of oxygen as low as 1 v/o in a hydrogen environment in- 
creases the threshold stress intensity (K) for crack growth 
or produces crack arrest in steels [3-6].  The pressure and 
temperature of the gaseous environment can also greatly 
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influence crack growth rates [1,7] and must be maintained. 
An environmental chamber (Fig. 1), consisting of a 
commercial, stainless steel bell jar system modified to 
provide mechanical force feedthroughs for specimen loading, 
was selected for use in the testing facility to maintain a 
gaseous environment in which fatigue tests can be perform- 
ed.  This chamber, shown schematically in Fig. 2, is capa- 
ble of being pumped to an ultrahigh vacuum of less than 
— 6 10  Pa (after bakeout) and can be backfilled with a test 
environment to about 1 MPa.  The inner surfaces of the 
chamber were aluminized by an evaporative technique to 
minimize the reactions of test environments with the cham- 
ber walls. 
The roughing system, which consists of the carbon 
vane pump and the cryosorbent pump, is used to obtain a 
chamber pressure low enough to allow the use of the high 
vacuum ion pump and titanium sublimation pump (TSP).  Gas 
purification apparatus provide high purity gases which are 
backfilled into the chamber either individually as pure 
environments or combined as gas mixtures.  The actual 
composition of the test environment can be determined with 
the residual gas analyzer (RGA), and the chamber is 
equipped with several pressure measurement devices.  The 
specimen surface temperature is measured with a thermo- 
couple, and temperature control is provided by heating or 
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cooling the outside walls of the specimen chamber. 
Ten accessory ports are provided around the speci- 
men chamber for gas inlet, electrical and mechanical 
force feedthroughs, pressure measurement/ and gas sampling. 
An electrical feedthrough for a thermocouple to measure 
the specimen surface temperature is located at one port, 
and connections for the ac potential crack measurement 
wires are available at another.  The mechanical force feed- 
throughs located at the top and bottom of the chamber are 
linear motion pullrods which transmit the loading to the 
speciman from the load frame.  Each of these bellows-seal- 
ed feedthroughs allows approximately ±25 mm of motion to 
facilitate specimen mounting in the chamber.  A small de- 
gree of angular and transverse freedom is allowed at these 
feedthroughs which permits the load train to be aligned 
without the need for perfect alignment of the entire cham- 
ber assembly on the load frame. 
Evacuation 
Four separate pumps are used to bring the chamber from 
atmospheric pressure to ultrahigh vacuum.  Rough pumping 
is done with a mechanical carbon vane pump and a cryogenic 
pump connected to the main chamber through a sidearm.  The 
carbon vane pump eliminates the need for a foreline trap, 
and the problem of hydrocarbon vapor contamination associ- 
ated with oil pumps is prevented.  The carbon vane and 
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cryogenic pump combination can achieve a pressure of less 
than 1 Pa in the specimen chamber. 
A 200 liter per second ion pump and a titanium subli- 
mation pump (TSP), both of which can be isolated from the 
specimen chamber by means of a high-conductance poppet 
valve (Fig. 2), are capable of pumping the chamber to a 
pressure of less than 10   Pa with proper bakeout.  The 
cryo-panel shown in Fig. 2 provides a cold surface onto 
which sublimed metal from the titanium sublimation pump 
may collect to be available to react with impinging gas mol- 
ecules.  The cryo-panel can also temporarily remove gases 
from the chamber by condensing them out. 
Ultrahigh vacuum systems must undergo a bakeout in 
order to attain very low pressures because many gases, 
especially water vapor, are adsorbed on the interior sur- 
faces of the vacuum chamber and are not readily pumped out. 
Consequently, these adsorbed gases act as a virtual leak and 
they must be driven off to attain an ultrahigh vacuum.  The 
bakeout of the specimen chamber involves slowly heating the 
exterior surfaces to approximately 380°K while the ion pump 
is operating.  A bakeout time of about five hours is usu- 
ally sufficient to obtain a pressure of 10   Pa when the 
chamber returns to room temperature. 
The ion and titanium sublimation pumps cannot be op- 
erated at pressures higher than about 5 Pa for long periods 
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of time without foreshortening their lives considerably. 
The rough pumping, and the ability to isolate the high 
vacuum pumps from the specimen chamber, always enable 
those pumps to operate at their optimum pressures.  Also, 
the poppet valve isolation allows the specimen chamber to 
be backfilled with aggressive environments without contam- 
inating the ion pump elements. 
An ion pumping system has several advantages over 
other high vacuum pumping methods such as mercury or oil 
diffusion pumps.  Contamination of the chamber by mercury 
or hydrocarbon vapors is prevented with ion pumps.  A mer- 
cury diffusion pump can also leak dangerous mercury vapor 
into the laboratory.  Ion pumps are easier to operate and 
maintain because there is no need for the forepumping that 
diffusion pumps require.  Diffusion pumps will not maintain 
a vacuum when power is lost, and they are, in effect, ac- 
tive pumps compared to the passive maintenance of a vacuum 
when an ion pump encounters a power loss. 
Temperature Control 
Above-ambient specimen temperatures are achieved by 
warming the chamber walls with heating tapes while meas- 
uring the specimen surface temperature with a thermocouple. 
Specimen temperatures up to 4 80°K have been obtained with 
this method.  Higher temperatures will be achieved using 
a quartz lamp as a radiant heat source.  Temperatures as 
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low as 230°K have been obtained on small specimens by 
cooling the exterior of the chamber with liquid nitrogen 
cooling coils.  For both heating and cooling, the specimen 
temperature stability is excellent because the chamber 
walls and surrounding insulation act as a large heat sink. 
Pressure Measurement 
Chamber and sidearm pressures are measured with sev- 
eral devices (Fig. 2).  A Bourdon gauge and a thermocouple 
gauge are used to monitor the roughing stage.  The pressure 
within the specimen chamber is measured with a capacitance 
manometer mounted on one of the accessory ports on the 
system.  Pressures from 1 Pa to 100 kPa can be measured 
accurately with the capacitance manometer, depending on the 
sensor head used.  In the high vacuum and ultrahigh vacuum 
regions, the ion pump current can be used as a calibrated 
meatsure of pressure, in the region of the ion pump, with 
the pressure being proportional to a fixed power of ion 
pump current.  Although the actual chamber pressure is 
higher than that indicated by the ion pump current, the 
order of magnitude of the chamber pressure is indicated. 
Gas Composition 
The gas composition within the chamber is monitored 
with a quadrupole residual gas analyzer (RGA) which pro- 
vides a mass spectrum showing relative amounts of gas 
measured at the detector tube.  The detector consists of 
an ionizer filament, a quadrupole mass filter, and an ion 
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detector.  The detector only operates at pressures below 
-2 10   Pa, so that a direct analysis of a test environment 
which is at a higher pressure is not possible.  To circum- 
vent this drawback, the detector tube is mounted in a 
poppet valve bypass line connecting the specimen chamber 
with the ion pump chamber through a variable leak valve 
(Fig. 2).  When the environment inside the specimen cham- 
-2 ber is at pressures greater than 10   Pa (and the poppet 
valve is closed), low pressure samples of this environ- 
ment can be leaked past the detector tube and into the 
ion pump chamber.  In this way, the composition of high 
pressure gases can be determined with a low pressure de- 
tector tube. 
Gas Supply and Purification 
One or more of the feedthrough ports are used to back- 
fill the specimen chamber with the test environment.  The 
environment in the chamber during fatigue testing must 
be of high or ultrahigh purity to ensure that no trace 
amounts of an unwanted gas affects the fatigue crack growth 
rates.  In order to guarantee the. purity of each gas used 
as a test environment, a careful purification procedure is 
used for each. 
  Water Vapor 
For water vapor, a small amount of distilled, deion- 
ized water is placed in a glass sidearm which is attached 
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to the chamber through a variable leak valve.  Most of 
the dissolved gases in the water are removed by freezing 
the water while pumping the remaining gases out of the 
sidearm.  At 185°K, water has a vapor pressure of about 
-2 10   Pa.  Oxygen and hydrogen are in a gaseous phase at 
that temperature, and are readily removed from the side- 
arm by opening the leak valve to the vacuum chamber.  With 
the valve closed/ the v/ater is melted to release trapped 
gases.  The freezing cycle is repeated, and as a result 
of several of these pumping cycles, almost all of the dis- 
solved gases in the water are removed, and water vapor 
that is used for the fatigue tests is free of significant 
quantities of oxygen and hydrogen.  The purity of the 
water vapor is verified with the RGA, with impurity levels 
estimated to be less than 100 ppm. 
  Hydrogen Sulfide 
Hydrogen sulfide (H^S) usually contains significant 
amounts of water vapor and hydrogen as a result of reacting 
with the storage bottle and piping.  In order to obtain 
high purity H_S for the fatigue tests, the water vapor and 
hydrogen are removed by means of a selective freezing tech- 
nique similar to the method used for purifying water. 
Since water vapor and hydrogen have, respectively, higher 
and lower melting points than H2S, two different freezing 
temperatures are necessary to purify the H^S. 
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The apparatus used for purifying H„S is shown in Fig. 
3.  All components downstream of the regulator valve which 
come in contact with H„S are stainless steel, and the 
valves are bellows-sealed to minimize the corrosion of 
valve components.  The sample bottles are rated at a pres- 
sure of over 20 MPa and each has a volume of 0.15 liters. 
The purification procedure is begun by evacuating the 
sample bottles and piping before admitting approximately 
3500 kPa of H2S to the sample bottles.  In order to avoid 
handling high pressure H?S between the supply and sample 
bottles, the transfer is carried out by successively fill- 
ing one sample bottle with approximately 175 kPa of H S from 
the supply, and then condensing that volume of gas into the 
other sample bottle which is immersed in liquid nitrogen at 
about 78°K.  After completion of the low pressure transfer, 
the supply bottle may be removed from the system. 
At liquid nitrogen temperature (78°K), hydrogen has a 
vapor pressure of over 100 kPa, while H?S is a solid having 
a vapor"pressure of less than 4x10   Pa.  Hydrogen can be 
pumped out of the chilled sample bottle without removing 
HpS or water.  By warming the sample bottle to room tem- 
perature and then cooling again, hydrogen which was 
trapped in the solid H^S can be pumped out. 
Water is removed by cooling the sample bottle contain- 
ing the H_S to approximately 195°K (just above the melting 
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point for H_S) in order to freeze the water out of the 
liquid H2S.  At 195°K, water is in a solid phase with a 
-2 
vapor pressure of about 5x10   Pa, and H_S has a vapor 
pressure approximately 10  times higher.  H^S is pumped 
out of the first sample bottle into the other bottle which 
is chilled to 78°K.  The water left in the first bottle is 
vaporized and pumped out, and the procedure is then re- 
peated.  High purity H2S is then available for use in the 
fatigue tests. 
  Hydrogen 
Hydrogen, although commercially available in ultra- 
high purity grades, is admitted to the specimen chamber 
through a cryogenic trap to remove impurities such as 
water and oxygen.  Also, ultrahigh purity hydrogen can be 
obtained by using a heated palladium thimble as a selec- 
tive diffusion medium through which only hydrogen mole- 
cules can pass.  Water and oxygen molecules are physically 
too large to pass through the palladium lattice, thus pro- 
viding ultrahigh purity hydrogen for use as a test environ- 
ment, 
  Oxygen 
A 95°K cold trap is used as an extra purification 
measure with ultrahigh purity grade oxygen.  This tempera- 
ture removes water vapor but prevents condensation of the 
oxygen. 
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  Carbon Dioxide 
Carbon dioxide and hydrogen sulfide have similar 
vapor pressure/temperature characteristics, so the pro- 
cedure for the removal of oxygen, hydrogen,and water vapor 
from carbon dioxide is similar to that for hydrogen sul- 
fide, using the system shown in Fig. 3.  Water is frozen 
out of liquid carbon dioxide at about 250°K in one bottle 
while the carbon dioxide is pumped into a second bottle. 
Oxygen and hydrogen can be pumped off of solid carbon di- 
oxide at about 150°K. 
—- Carbon Monoxide 
The vapor pressure/temperature characteristics of 
carbon monoxide and oxygen are very similar, so the re- 
moval of oxygen from carbon monoxide using a selective 
freezing technique is difficult.  Thus, high purity car- 
bon monoxide from which oxygen has been removed by some 
other means is used as a supply.  Hydrogen and water vapor 
can be removed in a system such as the one shown in Fig. 
3 where the carbon monoxide can be cooled to about 90°K 
in one bottle to freeze out the water and then pumped in- 
to the second bottle.  At 78°K, carbon monoxide has a 
vapor pressure of about 13 kPa and hydrogen has a vapor 
pressure several orders of magnitude•higher.  By pumping 
on the carbon monoxide at 78°K to a pressure of about 100 
kPa, most of the hydrogen will be removed. 
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  Mixed Gases 
Controlled-purity mixed gases can be obtained by 
purifying the individual component gases according to the 
procedures just outlined and then admitting them to the 
specimen chamber in the required pressure ratios.  The 
composition and purity of the mixed gases can be verified 
with the RGA. 
B.  The AC Potential System 
The second component of the experimental facility 
is the ac potential crack, measurement system.  The meas- 
urement of specimen crack length with an ac potential 
system is based on the fact that the electrical resistance 
to an ac current passed through the specimen increases 
with crack extension.  After the correlation between po- 
tential drop across the specimen and crack length is de- 
termined, the measurement of potential can be used to 
determine specimen crack length during a fatigue test. 
General Description 
The principle of an electricl potential crack meas- 
urement system is not a new one, as dc potential systems 
are in common use [8-10].  Potential systems offer many 
advantages over other crack measurement techniques.  Vis- 
ual methods are sensibly limited to applications where the 
crack is visible at the specimen surface, and measurements 
suffer from estimation errors since a human operator is 
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required to position the viewing device.  Compliance tech- 
niques require specialized equipment to calculate load- 
deflection slopes, and crack length measurements usually 
exhibit excessive scatter.  Potential techniques, on the 
other hand, may be used to measure crack lengths on speci- 
ments completely hidden from view, require no specialized 
equipment (only available potential measurement devices), 
and measurement scatter is small compared to the compliance 
method.  Also, since the output of a potential system is a 
voltage which is proportional to the specimen crack length, 
continuous recording of crack length is readily accomplish- 
ed.  This voltage can also be used as a control signal for 
other devices, to trip an alarm signalling the end of a 
test segment, or to stop a fatigue tests at a predeter- 
mined crack length. 
Although dc potential systems offer advantages over 
other crack measurement techniques, there are drawbacks which 
are the basis for the development of the ac potential sys- 
tem.  The dc potential across a metal specimen carrying a 
modest dc current (10 A) can be expected to be quite small 
(less than 500 microvolts for a steel specimen having the 
dimensions shown in Fig. 4, for example).  Such a small dc 
potential can be difficult to measure since its amplitude 
may be on the same order of magnitude as electrical noise 
which is picked up.  Also, thermally induced emf can be 
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introduced into the measurement circuit at junctions of 
dissimilar metals (e.g., at electrical lead to specimen 
connections).  The ac system provides discrimination 
against the thermal emf because dc components of specimen 
potential are rejected in an ac measurement. 
Excellent noise rejection is obtained in the ac 
system with a lock-in amplifier used as the measurement 
device.  The narrow-band operation of the lock-in ampli- 
fier allows for the rejection of line frequency noise and 
provides excellent signal-to-noise ratio at high gain. 
Thus, lower operating current can be used to obtain the 
same measurement sensitivity as compared to a dc system. 
In addition, the ac system is less bothersome in terms of 
its potential effect on electrochemical processes associ- 
ated, with corrosion fatigue.  Thus, an ac potential system 
is developed to take advantage of the frequency discrimina- 
tion available in ac potential measurements. 
A schematic of the ac potential system is shov/n in 
Fig. 5.  The lock-in amplifier provides a reference signal 
which drives the power amplifier at the reference fre- 
quency*.  The power amplifier is configured as a constant 
current source, providing a 1 A rms excitation current to 
the specimen.  The voltage drop across the remote sensing 
*The choice of reference frequency depends on noise re- 
jection considerations and measurement system charac- 
teristics and will be discussed later. 
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resistor is used to regulate the current output of the 
power amplifier.  The constant current ensures that the 
potential across the specimen is not affected by the lead 
wire resistance.  In Fig. 6, the lock-in amplifier, the 
strip-chart recorder, and the power amplifier are pictured 
in the assembled ac potential system. 
The ac potential drop across the specimen is applied 
to the primary coil of the isolation transformer where the 
signal amplitude is increased by a factor of 1000.  The 
lock-in senses the potential signal at the secondary coil 
of the transformer.  For a steel specimen with the dimen- 
sions of that shown in Fig. 4, the ac potential across the 
measurement points (P) is on the order of 100 microvolts 
with a 1 A rms current applied to points Q on the specimen. 
The signal which the lock-in sees is on the order of 100 
millivolts due to the increase in signal amplitude pro- 
vided by the isolation transformer. 
The signal at the input to the lock-in consists of 
the potential signal to be measured combined with broad- 
band noise picked up from stray electromagnetic fields. 
The signal-to-noise ratio of this signal may be quite low 
because the specimen potential is of such low amplitude 
(about 100 microvolts), and the resolution of the potential 
signal within the noise may be unacceptable, as is often 
the case with dc potential measurements.  The frequency 
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discrimination characteristics of the lock-in are used 
to selectively amplify the desired potential signal for 
measurement.  The noise rejection capabilities of avail- 
able lock-in amplifiers allow them to handle signals with 
signal-to-noise ratios as low as 0.1. 
The noise rejection process in the lock-in begins by 
preamplifying the input signal, and then bracketing the 
potential signal by attenuating frequency components above 
and below the reference frequency with a bandpass filter. 
A phase-sensitive-detector is then used to alternately in- 
vert the remaining signal at each half period of the ref- 
erence frequency, which has the effect of full-wave rec- 
tifying only the reference frequency component of that 
signal.  All other frequency components retain a net zero 
dc component since these signals are' inverted at non- 
integral multiples of their half periods.  The signal re- 
sulting from the phase-sensitive-detectpr conditioning 
contains a net dc component which is proportional to the 
amplitude of the reference frequency component (the de- 
sired potential signal) of the input signal to the lock- 
in.  The dc component is amplified and displayed on a me- 
ter, and is available at a jack for recording. 
A low reference frequency of 93 Hz is used for the ac 
measurement system because a through-thickness crack length 
measurement is desired. At high frequencies, a "skin effect" 
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is encountered whereby the current flows primarily in the 
outer boundaries of the specimen.  With this skin effect, 
the measured potential would indicate local crack growth 
in the surface regions rather than the average through- 
thickness crack growth.  The 93 Hz reference frequency is 
chosen so that line frequency noise pickup at 60 Hz, which 
is the most dominant noise source, can be minimized. 
The lock-in amplifier can contribute an internal 
noise component to the potential measurement, and this 
source of noise was considered when selecting the compo- 
nents of the ac potential system.  The internal noise de- 
pends on the reference frequency used, the input impedance, 
and the preamplifier.  With the reference frequency and 
input impedance (of the specimen) already determined, the 
preamplifier was chosen which allows the lock-in amplifier 
to function at its optimum operating condition. 
Calibration 
The relationship between ac potential and crack length 
for the specimen shown in Fig. 4 was obtained through cali- 
bration tests in which data pairs of crack length and po- 
tential were recorded during fatigue*.  In order to obtain 
*Since the crack front usually has some degree of curvature 
to it, and because the electrical potential is related to 
the area of the uncracked ligament of the crack plane, the 
potential system gives a measure of some average crack 
length.  For this reason, the crack length for the cali- 
bration was taken as the five point average of post-test 
measurements taken at the specimen sides, quarter points, 
and midpoint.  The position of the crack front at each 
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a calibration relation which was independent of material 
properties and specimen thickness, the potential measure- 
ments were normalized with respect to the initial potential 
of the notched (uncracked) specimen.  Therefore, differ- 
ences in initial resistance from one specimen to another 
due to thickness and bulk temperature variations do not 
alter the calibration.  However, it is necessary for the 
specimen temperature to remain constant during a test to 
avoid changes in potential caused by changes in specimen 
resistivity. 
The calibration data of normalized ac potential versus 
crack length for three specimens are shown in Fig. 7. 
Calibration data from a dc system for two specimens are in- 
cluded for comparison.  Also shown in Fig. 7 is a third 
order polynomial which was fit to those data by the method 
of least squares and which can be expressed as 
a = 15.9 + 52.0 V* + 26.0 V*2 - 41.4 V*3       (1) 
where V* = (V - V )/V  is the normalized potential at the 
crack length a, V is the actual potential at that crack 
length, and V  is the reference potential at the crack 
starter notch. 
The accuracy of the ac crack measurement system is 
estimated to be better than 1 percent for crack lengths 
measurement time was made visible by changing the fatigue 
load levels at each interval, causing a change in crack 
surface texture so that the position of the crack front 
was visible after the test. 
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.) 
from about 20 to 45 mm.  Resolution for the ac system is 
better than 0.01 mm with the instrument set to provide 20nV 
resolution in electrical potential at an operating current 
of 1 A rms.  Precision in fatigue crack growth rates is 
estimated to be ±20 percent. 
The dc potential system used to obtain the calibration 
data shown in Fig. 7 employed a current of 10 A and the in- 
itial potential for this specimen design was on the order 
of 400 microvolts.  The relatively high current (as com- 
pared to the ac system) was necessary to obtain a reason- 
able signal-to-noise ratio.  A nanovoltmeter was used in 
the dc system to measure the specimen potential. 
The agreement in normalized potential behavior with 
changes in crack length for the ac and dc systems shows 
that the potential changes which occur with the ac system 
can be attributed primarily to changes in the resistive 
component of the specimen impedance.  The capacitive and 
inductive components, although present, do not contribute 
to the changes in ac potential across the specimen at 
the low operating frequencies.  It is likely that these 
components remain nearly constant during specimen crack- 
ing.  The effects of these reactive components can be seen 
when mounting a specimen in the testing machine, where a 
change in ac potential is observed when the loading pins 
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arc inserted into the specimen.  This indicates that the 
reactive components are present, since the specimen im- 
pedance must be changed by the presence of the loading 
pin, but their effects are not observable in the compari- 
son between the ac and dc calibration data. 
The ac system has two major advantages over the dc 
system.  First, since the excitation and potential signals 
are "coded" with the reference frequency in the ac system, 
the use of a lock-in amplifier enables the detection of a 
potential signal in excessively noisy input signals. 
Whereas, with the dc system, the signal-to-noise ratio at 
the input of the measurement device remains essentially 
unchanged at the output.  Second, the ac system is immune 
to extraneous dc signals such as those produced by the 
thermal emf which exists between lead wire connection 
points which are at slightly different temperatures.  This 
source of noise is a major concern when using a dc poten- 
tial system, and care must be taken to ensure that the 
temperature of the junction points remains constant during 
a fatigue crack growth test.  In addition, because of the 
alternating potential across the specimen, the ac system 
does not contribute to the electrochemical processes which 
may be involved in corrosion fatigue. 
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C.  The Digital Controller and Fatigue Program 
A programmed digital controller is interfaced with a 
servo-hydraulic testing machine to provide automated load- 
ing, control, and data acquisition functions for fatigue 
testing.  The digital controller and the interface can 
select the testing machine control mode (load control, for 
example) and generate an analog control signal for the con- 
trolled parameter to follow.  The controller can also read 
the values of analog voltage, such as those produced by 
the load transducer and the ac potential system, under 
program control.  Automated fatigue test control is possi- 
ble because the controller can alter the program signal 
and control mode in response to changes in the analog 
voltages being monitored.  A schematic of the control e- 
lectronics for this system is shown in Fig. 8, and a view 
of the controller console is included in Fig. 9. 
System Description 
The digital controller CFig. 8) consists of a mini- 
computer with 16k words of memory, a terminal for operator 
communication, a mass storage device (dual diskette drives), 
and operating system software.  The computer communicates 
with the analog controller and other devices through the 
interface.  The feedback select register of the interface 
allows the computer, under program control, to select the 
control mode of the testing machine.  The hardware segment 
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generator is essentially a programmable function generator 
whose output is used as a program signal for the analog 
controller.  The A/D converters allow the computer to read 
the analog voltages from the testing machine transducers 
and from the ac potential system. 
The programmable control greatly enhances the opera- 
ting capabilities of the testing machine over that which 
is possible with manual control.  With the computer as the 
interface between the operator and the testing machine 
electronics, machine-dependent operating characteristics 
such as command voltages and set point values become trans- 
parent to the operator.  V7ith a well written control pro- 
gram, all operating parameters can be entered at the termi- 
nal in engineering units.  The conversion to control volt- 
ages is made internally, eliminating a possible source of 
error.  A control program can also monitor more test vari- 
ables and react much faster to changes in those variables 
than is possible with manual operation.  Exact test control 
repeatability is also possible, and, once started, many 
tests can be run without further operator intervention. 
Real-time data reduction permits an operator to closely 
monitor test progress, since test variables can be printed 
out in converted units while the test is running. 
Program 
A powerful control program has been developed to 
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perform fatigue crack growth tests in the special experi- 
mental facility.  The function of this program is to main- 
tain fatigue loading at the frequency and amplitude spec- 
ified by the operator, acquire crack length and cycle count 
data, and print out the crack growth rate, crack length, 
and stress intensity factor at specified intervals.  The 
program is also designed to terminate the test at a pre- 
determined crack length by removing the fatigue loads. 
Prior to the fatigue test, the program will precrack the 
test specimen approximately 2.5 mm to avoid the effects of 
the machined notch of fatigue crack growth. 
A simplified flowchart of the program logic is shown 
in Fig. 10 to give an overview of the program operation 
and capabilities.  The program is very flexible since the 
operator specifies most of the operating conditions of the 
test during the initial dialogue, but it is also an opera- 
tor-oriented program.  The operator is led through the test 
startup with single line commands and requests for informa- 
tion such as specimen identification, test frequency, and 
instrument settings.  All of the queries for data are 
clearly stated, and the data is requested in engineering 
units.  Validity checks are made on all the data as it is 
entered.  If the data is not within the expected or allow- 
able range, that information is requested again. 
Once the operator verifies that all of the entered 
data is correct and that all the necessary manual . 
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operations have been performed, the program begins the 
fatigue precrack sequence for about 2.5 mm of crack growth. 
The crack length is monitored by continuously reading the 
ac potential from the crack measurement system and calcu- 
lating the crack length with the calibration equation. 
When the precrack sequence is completed, a static load is 
applied to the specimen and the operator is instructed to 
admit the test environment to the specimen chamber. 
At low loading frequencies, a small variation in 
specimen ac potential, due to crack closure [11] occurs 
with loading.  Reading errors caused by the varying speci- 
men potential are avoided by averaging potential readings 
taken over twenty cycles at the maximum load points as is 
shown in subroutine SI of the program flowchart (Fig. 10) . 
Deviations in the real load amplitude from the command 
or program levels occur at frequencies above about 5 Hz 
because of the frequency response characteristics of the 
mechanical system.  To overcome this load attenuation, the 
real load limits are read during a twenty cycle period in 
subroutine SI (Fig. 10).  If those values differ from the 
required loads by more than 1 percent, the command signal 
is adjusted to overprogram the mechanical system in order 
to achieve a constant fatigue loading amplitude. 
When the operator verifies that the test environment 
is stabilized, the program is activated to begin the 
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fatigue test sequence.  The program continuously calcu- 
lates the specimen crack length and determines if a data 
set should be printed and stored, based on a crack length 
interval entered by the operator during the test setup. 
Thus, a data set is recorded each time the crack length 
increases by that increment.  The data set includes the 
specimen potential read from the ac system, the calculated 
crack length, the stress intensity factor*, the number of 
fatigue cycles applied, the calculated crack growth rate, 
and the elapsed time.  A sample of the output data format 
is shown in Fig. 11.  The crack growth rate is based on 
the number of applied cycles which take place during each 
crack length interval.  The crack length is continuously 
checked, and a data set is recorded when each crack growth 
interval occurs.  When the final crack length is reached, 
as determined from the initial data supplied by the opera- 
tor, a static load is applied to the specimen and the op- 
erator is informed. 
Two interrupt service routines, not shown in Fig. 
10, are available in the control program to allow the op- 
erator to terminate or suspend fatigue loading and to 
change many of the test parameters (such as fatigue 
*The stress intensity factor (K) is a linear elastic frac- 
ture mechanics parameter which is used as a measure of 
the mechanical crack driving force to characterize fa- 
tigue crack growth.  The value of K depends on specimen 
geometry, crack length, and applied loads. 
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loading levels and test frequency) while the test is in 
progress.  These routines allow great flexibility by per- 
mitting the operator to interact with the control program 
at any time during the test. 
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III.  TEST RESULTS 
To evaluate the special experimental facility, sever- 
al fatigue tests were performed using the various facility 
components described.  Fatigue crack growth studies were 
carried out on a 2-l/4Cr-lMo (ASTM A542, Class 2) steel to 
determine the influence of environment, temperature, and 
pressure on the fatigue crack growth kinetics.  These ex- 
periments were performed in dehumidified argon, ultrahigh 
vacuum, hydrogen, water vapor, and hydrogen sulfide at 
several temperatures and pressures.  A loading frequency 
of 5 Hz and a load ratio R=P . /P   of 0.1 were used for 
mm' max 
all tests. 
Fatigue crack growth rate data as a function of stress 
intensity factor range (AK=K   -K . ) for vacuum, dehumidi- J
* max mm' 
fied argon, and high-purity water vapor are shown in Fig. 
12.  Crack length data was obtained in the comparable in- 
ert environments of vacuum and argon using either the ac 
or dc potential system.  In these experiments, the dc 
system was used to measure crack growth rates in dehumidi- 
fied argon at 295°K and 400°K, and the ac system was used 
to measure rates in ultrahigh vacuum (10 . Pa) at the same 
temperatures.  Identical fatigue crack growth rates were 
obtained at each temperature over most of the range of stress 
stress intensity factor shown.  These data from the two 
potential systems show little influence of measurement 
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technique. 
The data in Fig. 12 also indicate that the influence 
of temperature on fatigue crack growth is slight in all 
three environments over the range of temperatures and AK 
indicated in Fig. 12.  Data obtained in high-purity water 
vapor are comparable to those obtained previously in air 
[12].  Fatigue crack growth in vacuum and dehumidified ar- 
gon is shown to be nearly identical, which demonstrates 
the reproducibility of data obtained with the experimental 
facility. 
The influence of environment on fatigue crack growth 
are shown in Figs. 13 and 14 at temperatures of 295°K and 
400°K, respectively, for high-purity hydrogen, hydrogen 
sulfide, water vapor, dehumidified argon, and vacuum.  The 
aggressive nature of hydrogen and hydrogen sulfide are in- 
dicated, with hydrogen sulfide as the more aggressive en- 
vironment.  For example, the fatigue crack growth rates in 
hydrogen at 133 kPa and 295°K are about 10 times faster 
than those in vacuum.  The rates in hydrogen sulfide at 
the lower pressure of 0.67 kPa are about 50 times faster 
than those in vacuum and 5 times faster than those in hy- 
drogen.  The environmental effects on crack growth are 
shown to be reduced at the higher temperature in compari- 
sons between Figs. 13 and 14 for both hydrogen and hydrogen 
sulfide.  This reduction in environmental effect is 
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consistent with results on sustained load crack growth 
in hydrogen, water vapor, and hydrogen sulfide for other 
high-strength steels [2,4,10,13,14], and indicates that 
the environmental integrity and purity in these experi- 
ments are comparable to those obtained in other investiga- 
tions. 
The influence of high-purity hydrogen sulfide pres- 
sure on the fatigue crack growth in this steel is shown 
in Fig. 15.  These data were obtained in experiments con- 
ducted at room temperature (295°K) and at pressures from 
3.3 Pa to 2.67 kPa.  The results show that crack growth 
rates increase with pressure to below 33 Pa and then be- 
came independent of pressure up to over 133 Pa.  Crack 
growth rates at 667 Pa and 2670 Pa are comparable in the 
range of AK indicated, and these rates are about 40 per- 
cent higher than those obtained at pressures between 33 Pa 
and 133 Pa. 
The precise control over testing variables and the 
accurate measurement abilities of the test facility com- 
ponents are indicated by the quality of data shown in Figs, 
12-15.  Scatter in crack growth rate data is reasonably 
low when the precision in those calculated rates is con- 
sidered.  The individual system components and procedures 
which were used in the experimental facility show satis- 
factory performance as indicated by the agreement in crack 
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growth rates in the inert environments and by the expect- 
ed influence of environment and temperature on fatigue 
crack growth in hydrogen and hydrogen sulfide. 
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IV.  SUMMARY 
Steels such as those used in the pressure vessels 
and piping of coal gasification plants and which are ex- 
posed to aggressive gaseous environments may be subject to 
corrosion fatigue.  In order to determine the extent to 
which the fatigue behavior of these materials may be af- 
fected by those environments, and to identify the surface 
reaction steps which may limit the enhanced fatigue crack 
growth rates, fatigue experiments must be relied upon. 
Data from fatigue experiments can be used to characterize 
the crack growth kinetics of the material, and comparison 
to surface reaction kinetics with crack growth kinetics 
will help in identifying the rate-limiting reaction.  How- 
ever, reliable measurements of environment-enhanced fa- 
tigue crack growth rates depends on precise control of 
environmental variables, accurate measurement of specimen 
crack length during the fatigue test, and maintenance and 
control of specimen loading.  A facility has been assem- 
bled which has an ultrahigh vacuum chamber for environ- 
mental control, an ac electrical potential system to moni- 
tor specimen crack length, and a programmed, digitally 
controlled servo-hydraulic testing machine to control fa- 
tigue load application to the specimen. 
The environmental chamber is a commercial bell jar 
system which has been modified to provide mechanical force 
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"feedthroughs.  Pressures as low as 10   Pa can be ob- 
tained in this ultrahigh vacuum chamber using an ion pump- 
ing system, and the chamber can contain environments at 
pressures as high as 1 MPa.  Specimen temperatures from 
239°K to 480°K are obtainable by cooling or heating the 
entire specimen chamber.  Gas purifying apparatus connected 
to the chamber enable high-purity test environments to be 
admitted to the specimen chamber, and a residual gas 
analyzer is used to verify the composition of the environ- 
ment. 
An ac potential system, employing a lock-in amplifier 
as a measuring device, is used to measure specimen crack 
length during the fatigue experiments.  The narrow band 
operation of the lock-in provides high noise rejection and 
allows a lower operating current to be used as compared to a 
similar dc system.  An empirical calibration equation, 
determined from measurements of visual crack length and 
specimen potential during fatigue, is used to obtain speci- 
men crack lengths. 
A digitally controlled testing machine and a powerful 
control program provide automated loading and control func- 
tions to perform fatigue tests on steel specimens.  The 
configuration of this system and the capabilities of the 
program allow the use of the specimen crack length as a 
control parameter.  Fatigue precrack termination, data 
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recording, and test termination sequences are all initi- 
ated when predetermined crack lengths are reached. 
The experimental facility has been used to perform 
fatigue tests on 2-l/4Cr-lMo (A542) steel specimens in 
vacuum, dehumidified argon, water vapor, hydrogen, and 
hydrogen sulfide.  The quality of data obtained in these 
tests was very good, and they show that this material is 
susceptible to corrosion fatigue in some environments. 
Hydrogen sulfide was the most aggressive of the environ- 
ments tested, and hydrogen also enhanced fatigue crack 
growth considerably.  Higher temperatures reduced the en- 
vironmental effects of both these gases.  The pressure 
dependence of fatigue crack growth in hydrogen sulfide at 
295°K was also determined at low pressures (below 3 kPaj. 
The satisfactory performance of the experimental facility 
is indicated by the data obtained in these tests. 
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2 Holes with Diameter D 
B ao W H W, C D E F 
cm 2.54 1.59 6.35 3.81 8.90 1.78 1.59 1,40 3.38 
in. 1.00 0.625 2.50 1.50 3.50 0.70 0.625 0.55 1.33 
P - potential lead connection point 
Q-current lead connection point 
Fig. 4.  Compact tension (CT) specimen for fatigue 
tests. 
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Fig. 9.  Photograph of the testing machine console, 
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L. 
RUN 
RBTEST  07-SEP-77  MTS BASIC V01B-02 
FOLLOU THESE STEPS TO ENSURE PROPER OPERATION OF THIS PROGRAM: 
1. WARM UP HYDRAULICS.  DO NOT CONNECT SPECIMEN. 
2. APPLY LOU PRESSURE. 
3. TURN SET POINT TO 500 AND SPAM 1 TO 1000. 
4. PUT "FEEDBACK REMOTE/LOCAL' TO REMOTE'. 
DATA FILE:   DXO:S5FN.DAT 
DATE:   07-SEP-77 
SPECIMEN *:   S5-FN 
ENVIRONMENT AND PRESSURE: 
TEST TEMPERATURE:   23 C 
1000 TORR HYDROGEN 
20 KMAX AT START OF TEST (A=0.725 IN):    
PRECRACK MAX. LOAD IS 7321.3 LBS. 
TEST LOAD RATIO:   0.1 
TEST FREQUENCY (HZ>:   5. 
FINAL KMAX (KSI SQR(IN)):  65 
FINAL CRACK LENGTH WILL BE 1.658 IN. 
KEITHLEY 180 RANGE:  1. 
DATA INTERVAL (MICROVOLTS):   2. 
HAS ALL DATA BEEN ENTERED CORRECTLY?  YES 
5. SET LOAD RANGE TO 100X. 
6. APPLY HIGH PRESSURE AND ZERO LOAD TRANSDUCER. 
7. CONNECT SPECIMEN AND APPLY A SMALL TENSILE LOAD. 
8. PUSH PROGRAM •RUN". 
ENTER POTENTIAL OFFSET (MICROVOLTS):  550 
9. HIT <CR> TO START TEST. 
INITIAL POTENTIAL IS 431.016 MICROVOLTS. 
LOAD REDUCED AT 00:43:59 
NEU MAX. LOAD IS 5857.04 LBS.  FREQUENCY IS NOW 5 HZ.  LOAD RATIO IS NOW 0.1 
CRACK LENGTH IS 0.695102 INCHES.  POTENTIAL IS 444.275 MICROVOLTS. 
FATIGUE LOADING SUSPENDED AT 0i:48:i4 TO INTRODUCE TEST ENVIRONMENT. 
HIT <CR> TO CONTINUE. 
DATA ACQUISITION STARTED AT 01:59:37 
CRACK LENGTH IS 0.734752 INCHES.  POTENTIAL IS 451.724 MICROVOLTS. 
OBS. 
* 
1 
2 
3 
NORMALIZED 
POTENTIAL 
.0531572 
.0593342 
.0665881 
CRACK 
LENGTH 
(INCHES) 
.746506 
.760725 
.777441 
CYCLES 
106342 
111737 
115797 
DELTA K        DA/DN 
(KSI SQR(IN)) (INCHES/CYCLE) 
18.4066 
18.6792 
19.0038 
3.57322E-07 
2.63555E-06 
4.11717E-0A 
ELAPSED 
TIME 
03:46:52 
04:04:30 
04:17:46 
46 .371556    1.46069    169790     42.063 
47 .379988    1.47799    169850     43.1727 
END OF TEST AT 07:14:28 
1.09787E-04 
2.88387E-04 
07:14:16 
07:14:28 
Fig. 11.  A sample of the output by the fatigue control 
program. 
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at 5 Hz (R = 0.1). 
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Fig. 13.  Effect of environment on fatigue crack growth 
kinetics for 2-l/4Cr-lMo (A542) steel at 
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- 51 - 
STRESS   INTENSITY   FACTOR    RANGE  (AK), ksi-in/2 
20 30 40 50 60 70 
 1  
_0> 
o 
>» jo 
E'lO" 
a 
•a 
UJ 
I- 
< 
cc 
X 
o 
C9 
o 
<,0" 
o 
T T T 
V^ 
^7 
**" 
^ 
W A A 
vv W o% 
V7 o^oO 
AA 
AA 
o 
o 
A 
A 
A 
D   <<& 
rP$A 
AO O 
<^ 
I I 
82> 
<£> 
o 
O 
v
 HYDROGEN  SULFIDE,   670 Pa 
A HYDROGEN,  133 kPa 
a WATER VAPOR,  1.3 kPa 
O DEHUM.  ARGON, 133  kPa 
o VACUUM, <IO"6Pa 
I 
10 -4 
10" 
u 
>» 
o 
"O 
UJ 
< 
x 
O 
or 
< 
CC 
o 
/ 
20 30 40 50 60 70 
STRESS   INTENSITY   FACTOR   RANGE  (AK), MPa-m'/2 
10 -6 
Fig. 14.  Effect of environment on fatigue crack growth 
kinetics for 2-l/4Cr-lMo (A542) steel at 
400°K (f = 5 Hz, R = 0.1). 
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Fig. 15.  Effect of pressure on fatigue crack growth 
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